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Aims Cardiac involvement in COVID-19 is associated with adverse outcome. However, it is unclear whether cell-specific
consequences are associated with cardiac SARS-CoV-2 infection. Therefore, we investigated heart tissue utilizing in
situ_hybridization, immunohistochemistry, and RNA-sequencing in consecutive autopsy cases to quantify virus load
and characterize cardiac involvement in COVID-19.

Methods In this study, 95 SARS-CoV-2-positive autopsy cases were included. A relevant SARS-CoV-2 virus load in the car-

and results diac tissue was detected in 41/95 deceased (43%). Massive analysis of cDNA ends (MACE)-RNA-sequencing was
performed to identify molecular pathomechanisms caused by the infection of the heart. A signature matrix was gen-
erated based on the single-cell dataset ‘Heart Cell Atlas’ and used for digital cytometry on the MACE-RNA-
sequencing data. Thus, immune cell fractions were estimated and revealed no difference in immune cell numbers in
cases with and without cardiac infection. This result was confirmed by quantitative immunohistological diagnosis.
MACE-RNA-sequencing revealed 19 differentially expressed genes (DEGs) with a g-value <0.05 (e.g. up: IFI44L,
IFT3, TRIM25; down: NPPB, MB, MYPN). The upregulated DEGs were linked to interferon pathways and originate
predominantly from endothelial cells. In contrast, the downregulated DEGs originate predominately from cardio-
myocytes. Immunofluorescent staining showed viral protein in cells positive for the endothelial marker ICAM1 but
rarely in cardiomyocytes. The Gene Ontology (GO) term analysis revealed that downregulated GO terms were
linked to cardiomyocyte structure, whereas upregulated GO terms were linked to anti-virus immune response.

Conclusion This study reveals that cardiac infection induced transcriptomic alterations mainly linked to immune response and
destruction of cardiomyocytes. While endothelial cells are primarily targeted by the virus, we suggest
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cardiomyocyte destruction by paracrine effects. Increased pro-inflammatory gene expression was detected in
SARS-CoV-2-infected cardiac tissue but no increased SARS-CoV-2 associated immune cell infiltration was

observed.
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1. Introduction

To date, more than 4 million people died due to the global pandemic
caused by SARS-CoV-2." Importantly, effective treatment options re-
main scarce due to limited knowledge of the exact pathological pathways
involved in the disease. In addition to vaccinations, better therapies for
patients with COVID-19 are needed. While repurposed antiviral drugs
for patients hospitalized with COVID-19 did not reduce the overall

mortality,2 immunosuppressant therapies appear to improve outcomes
in patients with COVID-19.3* Therefore, understanding the immune re-
sponse in organs that are key to survival may be essential for developing
much-needed treatment strategies.

While the virus primarily targets the respiratory system, during the
course of the disease, multi organotropism of SARS-CoV-2 was shown.
This results in thrombotic complications and direct injury of the kidneys
and the heart® Moreover, cardiac inflammation can be detected by
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magnetic resonance imaging after COVID-19.” Furthermore, cardiac
dysfunction in patients with COVID-19 predicts a severe course of the
disease and premature death,®'° and additionally increased troponin se-
rum levels are associated with death.”"" A previous pilot study from our
group found SARS-CoV-2 viral RNA in 16/39 (41%) hearts of deceased
who died with SARS-CoV-2 infection." It remains unclear whether this
dangerous cardiac involvement is the result of direct virus infection of
the heart or caused by secondary cardiac injury in the context of hyp-
oxia, thrombosis, and multi-organ damage.13

Here, we examined cardiac tissue from 95 COVID-19 autopsy cases
and detected SARS-CoV-2 in the heart in 43% of deceased. To unveil
pathological consequences of direct cardiac infection with SARS-CoV-2,
we compared myocardial tissue from fatal COVID-19 cases with and with-
out cardiac infection utilizing massive analysis of cDNA ends (MACE)-
RNA-sequencing and histological investigations. To address immune cell
infiltration, a signature matrix based on the ‘Heart Cell Atlas ™ was gener-
ated, followed by digital cytometry, which was further confirmed by quan-
tified immunohistological diagnosis. Furthermore, we aimed to identify the
main target cell type for virus infection within the cardiac tissue based on
fluorescent co-staining and differentially expressed genes (DEGs). To
address the reasons for differences in susceptibility for cardiac infection,
comorbidities and expression of virus entry factors were compared be-
tween cases with and without cardiac SARS-CoV-2 infection.

2. Methods
2.1 Study cohort and tissue sampling

Consecutively, 95 deceased with proven SARS-CoV-2 infection were
autopsied at the Institute of Legal Medicine at the University Medical
Centre Hamburg-Eppendorf in Germany between April and May 2020.
The SARS-CoV-2 infection was confirmed prior to death or post-mor-
tem by quantitative reverse transcription—polymerase chain reaction
from pharyngeal swabs'; 88/95 deceased died due to pneumonia. A brief
report investigating the SARS-CoV-2 infection of the myocardial tissue
for the first 39 cases already described a virus load of more than 1000
copies per g RNA in 41% of the cases. This study was now extended
to 95 cases and additional investigations. Furthermore, cases 1-39 were
part of an autopsy study of first COVID-19 deaths in Hamburg, Germany,
reporting causes of death and accompanying comorbidities.®

Two tissue specimens from the free left ventricular (LV) wall were
collected during autopsy and either snap-frozen in liquid nitrogen for
RNA-based analyses or fixed in 10% neutral-buffered formalin for histo-
logical analyses.

This study was approved by the local ethics committee of the
Hamburg Chamber of Physicians (PV7311). In accordance with the
Infection Protection Act and the Hamburg Section Act, no individual
written consent was necessary and the results may be used anonymously
for scientific evaluation. All procedures performed in studies involving
human participants were in accordance with ethical standards and with
the 1964 Helsinki declaration and its later amendments or comparable
ethical standards.

2.2 RNA isolation and gene expression
analyses

Total RNA was isolated using QlAzol (Qiagen, Germany) and subse-
quently purified with the miRNeasy mini kit (Qiagen, Germany) as de-
scribed earlier.™” RNA was used for TagMan analyses to quantify virus

load and replication as well as gene expression using specific gene ex-
pression assays.

These methods are described in detailed in the Supplementary mate-
rial online.

2.3 MACE as bulk 3’ mRNA-sequencing and

Gene Ontology enrichment analyses

For 3’ mRNA sequencing analysis, 10 cases who exhibited a cardiac in-
fection with more than 1000 copies per pg RNA were compared to 10
age-matched cases without cardiac infection selected from our study co-
hort. MACE is a 3 mRNA sequencing method based on the analysis of
Ilumina reads derived from fragments that originate from 3’ mRNA
end."® Using autopsy samples, we opted for this MACE technology
rather than regular RNA-seq.19 The RNA samples were processed using
the MACE-Kit v.2 according to the manufacturer’s protocol (GenXPro
GmbH, Germany). Subsequent Gene Ontology (GO) annotation data
are based on ENSEMBL. GO enrichment analyses and their visualization
are described in the Supplementary methods.

2.4 Signature matrix and digital cytometry
The signature matrix was generated utilizing the previously published
dataset ‘Heart Cell Atlas™ and can be downloaded in Supplementary
material online, Appendix S1. Briefly, LV-derived cells were extracted
from the dataset, DEGs for each cell type cluster was calculated with
Seurat,”®*" and the resulting gene counts were used to create a signature
matrix with CibersortX.?? Detailed methods, as well as the validation of
the signature matrix, are described in the Supplementary material online.
Next, MACE-RNA-seq data were used to perform digital cytometry to
estimate cell fractions with CibersortX.

2.5 Immunohistochemistry and

immunofluorescence

LV tissue was fixed in 10% neutral-buffered formalin for at least 48 h at
room temperature. Four micrometre-thick formalin-fixed paraffin-
embedded (FFPE) tissue sections were rehydrated and used for immu-
nohistochemistry, immunofluorescence, and in situ hybridization as de-

scribed in the Supplementary methods."”??

2.6 In situ hybridization—RNAscope

For detection of SARS-CoV-2 plus and minus strand, RNAscope in situ
hybridization was performed on FFPE tissue sections of the left ventricle
using RNAscope® 2.5 HD Reagent Kit-RED (#322350; Advanced Cell
Diagnostics (ACD), USA). For fluorescent staining, RNAscope Multiplex
Fluorescent v2 reagent kit (#323100, ACD, USA) was used. Tissue pre-
treatment, hybridization of target-specific probe (see Supplementary
material online, Table S3), subsequent amplification steps, and signal de-
tection were performed according to the manufacturer’s instructions
and described in detail in the Supplementary methods.

2.7 Statistics for case characteristics

Case characteristics were reported as medians and inter-quartile ranges
in brackets for continuous variables. Binary variables are shown as
counts with frequencies in brackets. The P-values were determined by
the comparison to those cases without cardiac infection. Detailed infor-
mation regarding Kaplan—Meier method and odds ratio is provided in
the Supplementary material online.
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2.8 General statistics

In general, Mann—Whitney U test was used for continuous variables and
chi-squared test for binary variables. However, since different kind of
data require specific statistical methods, detailed information about the
used test is provided in each methods section in the Supplementary ma-
terial online as well as in the figure legends.

3. Results

3.1 Cardiac infection in fatal COVID-19

cases
We investigated 95 deceased who died with a confirmed SARS-CoV-2
infection. As shown in Table 1, the median age was 84 years (IQR: 76—
87) and 54% of them were female. The majority of patients died in hospi-
tals (36% normal care and 26% intensive care) or nursing homes (27%,
Supplementary material online, Table $4); 88/95 cases died due to pneu-
monia. In some cases, sepsis (11 cases) or pulmonary embolism (6 cases)
was diagnosed as an additional cause of death. Cardiac tissue was col-
lected during autopsy with a median post-mortem interval of 4 days
(IQR: 3-7).

Virus load in all 95 cardiac tissue specimens was determined from iso-
lated RNA by reverse transcription followed by quantitative PCR. As

shown in Figure 1A, SARS-CoV-2 was not present in cardiac tissue in 46
out of 95 cases. A virus load of 1000 copies per pig RNA was deemed as
clinically relevant." In 41 out of 95 cases (43%), a relevant virus load of
SARS-CoV-2 RNA was detected in the heart, while 8 cases did not ex-
ceed the clinically relevant number and were therefore excluded from
comparisons between cases with and without cardiac infection. The
group with cardiac infection revealed a median virus load of 7952 copies
per pg RNA (IQR: 2507-32005). Quantified individual virus load for
each case is plotted in Supplementary material online, Figure STA. To vi-
sualize virus, in situ hybridization was performed on tissue sections
(n=4). As shown in Figure 1B, SARS-CoV-2 virus genome (plus strand)
was detected either as clusters representing high abundance of virus or
as single dots shown in the magnification. Observing the same area in the
consecutive section, SARS-CoV-2 intermediate strand for replication
(minus strand) was detected to a lower extent. In this representative
case, the virus genome was apparently detectable in non-cardiomyocyte
structures.

For bulk 3" mRNA-sequencing (MACE-RNA-seq), 10 cases with high
virus load in cardiac tissue were selected and compared to 10 age-
matched SARS-CoV-2-positive cases without cardiac infection. As
shown in Table 1, the characteristics for both groups analysed by MACE-
RNA-seq represent the entire study cohort regarding the listed catego-
ries. By MACE-RNA-seq, 23 335 genes were annotated, whereof 824

Table | Baseline characteristics for all 95 deceased and subsequently defined groups of cases sorted by virus load in cardiac

tissue

All cases (n = 95) Cases grouped by
cardiac virus load

No cardiac
infection
(n=46)
Female n (%) 51 (54) 21 (46)
Age (years) 84 (76-87) 81 (74-86)
Post-mortem interval (days) 4.0 (3.0-7.0) .0 (2.0-6.0)
Time, diagnosis until death (days) 9.0 (3.0-18.0) 12.5 (7.2-20.2)
Comorbidities, n (%)
HTN 44 (46) 24 (52)
CAD 58 (61) 31 (67)
HF 49 (52) 23 (50)
Sum of cardiac comorbidities >2, n (%) 48 (51) 26 (57)
DM 18 (19) 1(24)
Stroke 16 (17) 7 (15)
COPD 49 (52) 23 (50)
Cancer 29 (31) 3(28)
Renal failure 34 (36) 6 (35)
Sum of non-cardiac comorbidities >2 48 (51) 22 (48)
Sum of comorbidities >2 88 (93) 42 (91)
BMI (kg/m?) 244 (20.7-287) 244 (20.9-284)
Heart weight (g) 450 (361-520) 455 (384-510)

Cases analysed by
MACE-RNA-seq®

Cardiac infection P-value® No cardiac

Cardiac infection P-value®

(>1000 copies)® infection (>1000 copies)
(n=41) (n=10) (n=10)

24 (59) 0.32 5 (50) 7 (70) 0.65
84 (78-88) 0.27 82 (78-84) 84 (79-86) 0.34
4.0 (3.0-8.0) 0.38 4.0 (1.5-4.0) 3.5(2.2-48) 0.79
8.0 (2.0-10.0) 0.082 12,0 (5.5-19.5) 8.0 (2.0-10.0) 0.43
17 (42) 043 4 (40) 5(50) 1.00
22 (54) 0.28 5 (50) 4 (40) 1.00
22 (54) 0.90 4 (40) 5(50) 1.00
18 (44) 0.34 2(20) 4 (40) 0.63
5(12) 0.26 3(30) 1(10) 0.58
7(17) 1.00 2(20) 1(10) 1.00
24 (59) 0.56 2(20) 5(50) 0.35
14 (34) 0.72 3(30) 7 (70) 0.18
17 (42) 0.67 2 (20) 4 (40) 0.63
23 (56) 0.58 3(30) 7 (70) 0.18
38 (93) 1.00 8 (80) 10 (100) 0.46
23.2 (19.1-287) 058  27.4(252-286) 224 (20.9-31.7) 0.57
420 (334-530) 0.40 453 (408-518) 460 (348-534) 0.76

For continuous variables median (25th—75th percentile) are given. For binary variables absolute numbers and relative frequencies (%) are given. The data availability for all variables

is shown in Supplementary material online, Table $4.

BMI, body mass index; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; HF, heart failure; HTN, hypertension.

*For MACE-RNA-seq, patients died in hospital and with post-mortem intervals of maximal 5 days were chosen from the groups defined by virus load in the cardiac tissue.

bSince 1000 copies per g RNA was deemed as clinically relevant, 8 out of 95 cases <1000 copies per ug RNA were excluded from the group with cardiac infection.

“The presented P-values were determined by the comparison to those cases without cardiac infection. Mann—Whitney U test was used for continuous variables and chi-squared

test for binary variables.
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Figure | Presence of SARS-CoV-2 in cardiac left ventricular tissue of
fatal COVID-19 cases. (A) Presence of SARS-CoV-2 RNA was exam-
ined in the cardiac tissue of 95 SARS-CoV-2-positive deceased. Virus
load in 1 pg RNA was quantified by reverse transcription followed by
quantitative polymerase chain reaction (RT-PCR). Despite the SARS-
CoV-2 diagnosis, 46 out of 95 cases revealed no SARS-CoV-2 in the
cardiac tissue. A copy number >1000 copies per pig RNA in the heart
was deemed as clinically relevant and was detected in 41 cases, while 8
cases did not exceed the relevant number and were therefore excluded
from further analyses. Cases without cardiac infection are depicted in
white, whereas cases with cardiac infection are depicted in red. The
median copy number (cn) per pg RNA was 7952 (IQR: 2507-32 005).
Virus load for each case individually is plotted as heatmap in
Supplementary material online, Figure STA. MACE-RNA-seq identified
19 differentially expressed genes (DEGs) comparing cardiac tissue with
(n = 10) and without (n = 10) cardiac infection. (B) In situ hybridization
was used to visualize SARS-CoV-2 RNA on tissue specimens.
Hybridized probes are specific either for the plus strand representing
the viral genome or the minus strand representing the intermediate
strand for replication. Representative images of Case 08 are displayed.
Negative and positive controls for chromogenic in situ hybridization are
shown in Supplementary material online, Figure S2.

with a P-value <0.05 and 19 DEGs with a g-value <0.05. MACE-RNA-
seq data for all annotated genes are provided in Supplementary material
online, Appendix S2.

3.2 SARS-CoV-2 infection of the heart is
not associated with increased immune cell
infiltration

To investigate immune cell infiltration as a histological sign of virus-
induced myocarditis according to the definition published in the position
paper of Caforio et al,** we performed two analyses: (i) estimating cell
fractions from MACE-RNA-seq data by digital cytometry and (ii) immu-
nohistochemical staining to diagnose immune cell infiltration.

Based on the previously published single-cell RNA-sequencing
(scRNA-seq) results from the ‘Heart Cell Atlas’,"* a signature matrix was
generated comprising only cells from LV tissue as described in detail in
the Supplementary material online. Next, the CibersortX-computed
signature matrix was validated on two other scRNA-seq datasets from
cardiac tissue as described in the Supplementary material online. The sig-
nature matrix is shown in Supplementary material online, Figure S5. To
utilize the signature matrix for other bulk RNA-seq data from LV tissue,
all necessary information is provided in Supplementary material online,
Appendix S1.

The cell fractions for each case were individually estimated based on
the MACE-RNA-seq data. The mean cell fractions per group were calcu-
lated to compare samples with (n=10) and without (n=10) cardiac
SARS-CoV-2 infection. Cell fraction of endothelial cells (21.3 +2.0% vs.
30.3+3.7%; P=0.0478), neuronal cells (20+0.3% vs. 3.0+0.2%;
P=0.0099), and adipocytes (0.14+£0.024% vs. 0.32+0.064%;
P=0.0180) is significantly increased in cases with cardiac infection. Box
plots of imputed cell fractions are presented in Supplementary material
online, Figure S7. Regarding immune cell infiltration, lymphoid (7.8 £ 1.3%
vs. 8.8+ 1.8%; P=0.6854) and myeloid cells (4.3 £0.6% vs. 4.9 £ 0.8%;
P=0.6140) were presented as box plots in Figure 2B.

Subsequently, immune cell infiltration was determined by immunohis-
tochemistry of all 95 cases. Therefore, different T-cell subtypes and mac-
rophages were quantified. The number of positive cells was compared
between cases with (n=41) and without (n=46) cardiac infection
(Figure 2B). No significant differences were determined for CD45R0
(P=0.61), CD3 (P=0.17), and CDé68 (P=0.30) between both groups,
while CD8 was only detectable in very few cases. Representative staining
is shown for three different cases exhibiting increased immune cell num-
bers of the respective subpopulation. Cases with immune cell infiltrates
above the recommended threshold were distributed equally between
both groups. In addition, quantified immunohistochemistry is plotted for
each case individually in Supplementary material online, Figure S1B.

3.3 DEGs determined by MACE-RNA-seq

Utilizing MACE-RNA-seq, more than 23 000 genes were annotated. As
shown in Figure 3A, 824 genes with a P-value <0.05 were identified, 394
genes were upregulated (red), and 430 genes downregulated (blue) in
cardiac tissue with cardiac SARS-CoV-2 infection. Next, these 824 genes
were restricted by the FDR-adjusted P-value, resulting in 19 DEGs with a
g-value <0.05, 11 upregulated (dark red) and 8 downregulated (dark
blue). The most significant upregulated gene was APOD (No. 1), while
the most significant downregulated gene was NPPB (No. 12). As depicted
in the profile plot, both were abundantly expressed (Figure 3B).
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Figure 2 Cardiac SARS-CoV-2 infection was not associated with increased immune cell infiltration. (A) The previously published ‘Heart Cell Atlas

)14

served as single-cell RNA-sequencing dataset to generate a signature matrix using CibersortX from left ventricular tissue originated cells. Digital cytometry
was performed, applying the generated signature matrix to our MACE-RNA-seq data by CibersortX. Cell fractions were estimated for each individual case.
Comparing the immune cell fractions between cases with (n = 10) and without (n = 10) cardiac infection, no significant differences were determined using
Mann—Whitney U test. Cell fractions are depicted as Tukey-style box plots with median and inter-quartile range without outliers. (B) The number of posi-
tively stained immune cells per mm? is displayed. Cases without cardiac infections (n = 46) are depicted in white, whereas cases with cardiac infection (n =
41) are depicted in red. The patient groups were compared using Mann—Whitney U test revealing no significant differences. Data are depicted as Tukey-style
box plots with median and inter-quartile range without outliers. Representative staining of immune cells in cardiac tissue is displayed. On the left panel, the
CD45RO staining for Case 65, quantified as 15.1 cells per mm?, is shown. The middle panel depicts the CD3 staining for Case 21 (7.4 cells/mm?). For Case
47, the CD68 staining is shown on the right panel (14.7 cells/mm?). Magnifications are displayed below for each case.

Interestingly, three interferon-related genes (IFI44L, IFIT3, TRIM25) are
upregulated, while the cardiomyocyte marker MB was downregulated.
The data and names for all 19 DEGs are plotted for each case separately
as heatmap in Figure 3C. To validate the identified DEGs, gene expression
of all 19 DEGs was measured by TagMan. The median fold change is
plotted as technical replication next to the median of MACE-RNA-seq

results. Individual results per case were plotted in Supplementary mate-
rial online, Figure S8.

3.4 Cell type-specific expression of 19 DEGs
To assign the 19 DEGs to specific cardiac cell types, we used LV-derived
cells from the scRNA-seq dataset ‘Heart Cell Atlas™* comprising 14
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Figure 3 |dentification of 19 differentially expressed genes (DEGs). Gene expression was analysed by MACE-RNA-seq in 10 cases with and 10 cases with-
out cardiac infection. Downregulated genes in SARS-CoV-2-infected cardiac tissue are depicted in blue, while red highlights upregulated genes. FDR-ad-
justed P-value (g-value) revealed 19 DEGs. (A) Fold change and P-value are displayed in the volcano plot to visualize significant differences in gene
expression; 11 upregulated and 8 downregulated DEGs were identified. Gene symbols and full names are displayed in (C) according to here depicted num-
bers. DEGs were calculated using DESeq?2. (B) In the profile plot, fold change and average of normalized counts per 1 million reads are displayed. Red and
blue colours highlight genes with P-value <0.05 (small dots) or g-value <0.05 (large dots). Gene symbols and full names are displayed in (C) according to
here depicted numbers. (C) The 19 DEGs are displayed for each biological replicate separately. Gene symbols and full names are given. Gene expression is
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Additionally, DEGs were validated using TagMan analysis and the gene expression is plotted as median fold change (log,). Individual TagMan values are plot-
ted as heatmap in Supplementary material online, Figure S8. ci, cardiac infection; nci, no cardiac infection.

donors. The average gene expression per cell type and donor of all 19
DEGs are plotted as heatmap with red colour gradient for upregulated
and blue colour gradient for downregulated genes in Figure 4A and B,
respectively.

As shown in Figure 4A, APOD is strongly expressed in most cell
types, while its weaker expression in cardiomyocytes is evident.
However, in endothelial cells, a distinct cluster is visible consisting of
the genes IFIT3, IFI44L, ITPR3, and TRIM25. Additionally, IFIT3 is also
highly expressed in pericytes. As shown in Figure 4B, a distinct cluster
in cardiomyocytes comprising the genes AKAP6, MB, MYPN, and
NPPB is evident. Furthermore, LYZ is mainly expressed in immune
cells and FNT in fibroblasts. Taken together, genes upregulated in
SARS-CoV-2-infected cardiac tissue originate mainly from

endothelial cells, whereas downregulated genes originate mainly
from cardiomyocytes.

3.5 Identification of cardiac cell types

infected by SARS-CoV-2

To unveil the cardiac cell type infected by SARS-CoV-2, we performed
fluorescent in situ hybridization to visualize viral RNA (n=4) and immu-
nofluorescence staining (n =4) to detect viral nuclear protein. The fluo-
rescent in situ co-staining of SARS-CoV-2 RNA plus strand (red) and
wheat germ agglutinin (WGA, cyan) as marker for cell membranes and fi-
brotic tissue is depicted in Supplementary material online, Figure S3. In
the majority of cases, viral RNA is co-localized with WGA indicating a vi-
rus localization in the interstitium or non-myocyte cells. Localization
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within cardiomyocytes as depicted in Supplementary material online,
Figure S3g is rare. To identify specific cell types, immunofluorescence
staining was performed with antibodies against ICAM1 or a-actinin to-
gether with the nuclear protein of SARS-CoV-2.

As shown in Figure 4C, viral protein (red) was co-localized with
ICAM1-stained cells (green), a marker for endothelial cells. In contrast,
no co-localization was observed with the cardiomyocyte marker a-acti-
nin (green) and the viral protein (red) shown in Figure 4D. However, the
viral protein was detectable in cells surrounding cardiomyocytes, which
is in line with the in situ results.

3.6 GO enrichment analysis

GO term analysis of the MACE-RNA-seq data revealed 188 significantly
regulated GO terms (g-value <0.05) within all three GO categories. To
narrow these GO term analysis, we used the gene ratio calculated by the
number of regulated and annotated genes in the respective GO term. A
gene ratio of 0.2 means that at least 20% of all annotated genes are regu-
lated in this GO term. In Figure 5, all GO terms with a gene ratio >0.2
and a g-value <0.001 are displayed. Five out of 10 significant GO terms
are linked to anti-virus immune response, while the other five are linked
to cardiomyocyte structure. The cardiomyocyte-specific GO terms
comprise mainly downregulated genes depicted by a negative z score.
This is in line with the finding in Figure 4B, that the downregulated genes
were mainly assigned to cardiomyocytes. In contrast, the immune-
related GO terms revealed a positive z score indicating that these terms
mainly consist of upregulated genes.

GO enrichment analysis

3.7 Replication of SARS-CoV-2 in cardiac
tissue is associated with shorter

time until death
Besides the virus load, we further investigated whether signs of virus rep-
lication are present in the cardiac tissue. Therefore, the presence of the
intermediate (—) RNA strand was examined. As shown in Figure 6A, in
28/41 cases with cardiac infection, virus replication was detectable, 14
with weak, 10 with moderate, and 4 with strong virus replication.
According to virus load and virus replication of SARS-CoV-2 in car-
diac tissue, we defined three groups: (i) without cardiac infection
(n=46), (i) with cardiac infection higher than 1000 copies (n=41),
which was further constricted to (iii) cases with cardiac virus replication
scores higher than 1 (n=14). Two comparisons were performed: first,
cases without cardiac infection (i) to cases with cardiac infection (ii).
Second, cases without cardiac infection (i) to cases with cardiac replica-
tion (iii). As shown in Supplementary material online, Table S1, both
comparisons revealed no significant differences in age, sex, and post-
mortem intervals indicating matched groups with respect to typical con-
founders in post-mortem setting. However, time between diagnosis and
death, representing the interval between the first positive respiratory
swab for SARS-CoV-2 and date of death, was significantly shorter in
cases with cardiac replication (i) compared to cases without cardiac in-
fection (i) (P=0.017, Supplementary material online, Table ST).
Accordingly, time between diagnosis and death was analysed utilizing
Kaplan—Meier Curves shown in Figure 6B and revealed significant differ-
ences (P=0.012). Virus replication in the heart was associated with a sig-
nificantly shorter survival time.
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Figure 5 Top regulated Gene Ontology (GO) terms are linked to cardiomyocytes and immune response. For each GO term, the gene ratio of regulated
genes and annotated genes was calculated. Displayed are GO terms with a gene ratio >0.2 and a g-value <0.001. Whether the majority of genes in this term
is up- or downregulated is indicated on the X-axis (z score). The g-value of the respective GO term is displayed by the colour gradient of the respective dot.
The size of the dots represents the number of annotated genes. The GO terms are linked to immune response (green) or cardiomyocyte structure (purple).
However, cardiomyocyte-specific GO terms are downregulated (negative z score), while GO terms linked to immune response are upregulated (positive z

score).
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Figure 6 Cardiac replication of SARS-CoV-2 was associated with accelerated death but not with comorbidities. (A) 95 fatal COVID-19 cases were in-
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structive pulmonary disease; DM, diabetes mellitus; HF, heart failure; HTN, hypertension; IQR, inter-quartile range; ncCormobidities, non-cardiac
comorbidities.
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Next, we examined whether cardiac infection or cardiac replication is
associated with expression levels of entry factors described for SARS-
CoV-2. Therefore, gene expression of angiotensin-converting enzyme-2
(ACE2), transmembrane serine protease-2 (TMPRSS2), cathepsin-B
(CTSB), and cathepsin-L (CTSL) was compared. As depicted in Figure 6C,
gene expression of TMPRSS2 was significantly increased in the groups
with cardiac infection (P=0.033, ii) and replication (P=0.039, iii),
whereas gene expression of ACE2, CTSB, and CTSL remained nearly
unchanged.

To analyse whether comorbidities promote cardiac infection, odds ra-
tios for the cardiac comorbidities hypertension, coronary artery disease,
heart failure (HF), or the sum of cardiac comorbidities revealed no asso-
ciation between comorbidities and cardiac infection or replication
(Figure 6D). Additionally, other non-cardiac comorbidities such as diabe-
tes mellitus, stroke, chronic obstructive pulmonary disease, cancer, or
the sum of non-cardiac or all comorbidities are not associated with car-
diac infection or replication as well.

4. Discussion

Here, in the largest available cardiac autopsy series so far, cardiac tissue
with and without SARS-CoV-2 infection of fatal COVID-19 cases was
compared. Therefore, MACE-RNA-seq was performed to identify mo-
lecular pathomechanisms caused by the local infection of the heart. The
key findings of the study are: (i) an increase of immune cell infiltrates due
to cardiac SARS-CoV-2 infection was not detected using digital cytome-
try and immunohistological diagnosis; (ii) MACE-RNA-seq identified in-
creased pro-inflammatory gene expression accompanied by reduced
expression of cardiomyocyte-specific genes; (i) upregulated pro-
inflammatory genes mainly originate from endothelial cells; and (iv) fluo-
rescent co-staining revealed that endothelial cells were frequently
infected by SARS-CoV-2, whereas infection of cardiomyocytes was
rarely detectable.

This cohort study was performed in the metropolitan area of
Hamburg, Germany; 85% of the deceased were aged 70years or older,
which is consistent with COVID-19 deaths in Germany.>* Virus infection
of non-respiratory tract organs was documented in COVID-19 autopsy
studies earlier.>®2® However, we recently showed that SARS-CoV-2 can
be detected in the heart of ~50% of fatal COVID-19 cases.'? By analy-
sing more cases, we confirmed that the heart is targeted by SARS-CoV-2
in ~40-50% of the COVID-19 autopsy cases. To address virus-
associated transcriptomic alterations, 10 cases with and 10 cases without
cardiac SARS-CoV-2 infection were analysed utilizing MACE-RNA-seq.

4.1 No increased immune cell infiltrates
due to cardiac SARS-CoV-2 infection

To address histological signs of myocarditis, we generated a signature
matrix based on the scRNA-seq dataset ‘Heart Cell Atlas',14 which was
used to perform digital cytometry on the determined transcriptome.
Cell fractions were estimated, in particular for immune cell fractions, and
cases with and without cardiac infection were compared. Based on the
transcriptome, no differences in immune cell fractions were determined
by digital cytometry between both groups. To validate this result, all 46
cases without cardiac infection and all 41 cases with cardiac infection
were diagnosed by immunohistochemistry on tissue sections. For that
purpose, different inflammatory cell markers including different T-cell
subtypes as well as macrophages were quantified. Again, direct cardiac
infection was not accompanied by increased inflammatory cell infiltrates.

Case reports of positive cardiac SARS-CoV-2 infection accompanied by
histological signs of myocarditis are rare.”*® However, signs of myocar-
dial inflammation in patients recovered from COVID-19 but without
confirmed cardiac SARS-CoV-2 infection were also reported with differ-
ent incidence rates.”>**° Hence, myocarditis might be developed as se-
quela due to active or prior COVID-19, which does not necessarily
include cardiac infection with SARS-CoV-2. Whether myocardial virus
activity in the absence of clinically evident myocardial inflammation might
result in long-term consequences is unknown.

4.2 Increased pro-inflammatory gene
expression in cases with cardiac
SARS-CoV-2

Utilizing MACE-RNA-seq, 824 genes with a P-value <0.05 were identi-
fied and subsequently narrowed to 19 DEGs with a g-value <0.05.
Interestingly, those contained two upregulated apolipoproteins (APOE
and APOD) and two upregulated interferon-related genes (IFI44L and
IFIT3) as well as upregulated TRIM25 known as interferon expression in-
ducing factor. Interferons are central to antiviral immunity, but impaired
interferon activity was described in severe COVID-19 patients.31 In line
with this finding, our second top gene IFI44L was described as negative
feedback regulator of host antiviral response. [Fl44L-silenced cells
revealed reduced virus titre indicating that IFI44L supports virus
replica‘cion.32

Based on the scRNA-seq dataset ‘Heart Cell Atlas’,14 the cellular ori-
gin of the 19 DEGs was visualized. While APOD and APOE originate from
various cardiac cell types, with the lowest expression in cardiomyocytes,
a distinct cluster comprising IFIT3, IFl44L, and TRIM25 was detectable in
endothelial cells as main origin. In line with these findings, our fluorescent
co-staining revealed co-localization of viral protein and ICAM1 as
endothelial marker. Accordingly, we suggest that endothelial cells mainly
respond to virus infection in the cardiac tissue. In contrast, the cellular
distribution of the downregulated DEGs revealed a distinct cluster
comprising AKAP6, MB, MYPN, and NPPB mainly originated from
cardiomyocytes.

To go beyond single genes, GO enrichment analysis was performed
resulting in overall 188 significant GO terms (g-value <0.05).
Subsequently, we selected GO terms with a high ratio between regu-
lated and annotated genes. In line with the identified 19 DEGs,
interferon-related GO terms are highly upregulated as well as GO terms
which negatively regulate virus replication and life cycle. Additionally, all
downregulated GO terms were linked to cardiomyocyte structure sug-
gesting that cardiac SARS-CoV-2 infection leads to destruction of cardio-
myocytes. Despite no increased immune cell infiltrates were detected,
destruction of cardiomyocytes and pro-inflammatory transcriptomic
alterations may fulfil the criteria of for ‘-itis’ as the acronym for inflamma-
tion in medical terminology.

Recently, in vitro infection of iPSC-derived cardiac cell types revealed
that besides cardiomyocytes, also fibroblasts and endothelial cells are
targeted by SARS-CoV-2.33 Visual cytopathic effects are most prevalent
in endothelial cells indicating the toxicity of viral exposure.® In a cardiac
tissue sample, SARS-CoV-2 infection of vascular endothelial cells was
confirmed recently.>* In line with this finding, our histological analyses
revealed viral RNA as well as protein mostly in endothelial or interstitial
cells. In several studies, COVID-19 was associated with cardiac endothe-
liitis without confirmed cardiac endothelial virus infection.>*=® Similarly,
pro-inflammatory DEGs were mainly assigned to endothelial cells in our
study. Contrarily to in vitro infection of induced pluripotent stem cell-
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derived (iPSC) cardiomyocytes, in cardiac tissue of the autopsy samples,
viral RNA was rarely detectable but not absent in cau*diomyocytes.”‘37
However, Perez-Bermejo et al.** reported that myofibrillar disruption in
SARS-CoV-2-exposed cardiomyocytes was independent from actively
replicating virus. This myofibrillar fragmentation was also observed in
cardiomyocytes adjacent to cells with viral dsRNA. Together with our
data, this creates evidence that paracrine effects from cells activated by
viral exposure may contribute to destruction of cardiomyocytes. This is
coherent to other virus infections, which do not target primarily myo-

cytes and still cause myocardial dysfunction.’®*

4.3 Susceptibility of the myocardium for
SARS-CoV-2 infection and virus replication
It is unclear which factors determine the susceptibility of the myocar-
dium for SARS-CoV-2 infection. Therefore, gene expression of ACE2,
known as receptor of the Spike protein, and the host proteases
TMPRSS2, CTSB, and CTSL was investigated.”*%*" Interestingly, the infec-
tion of myocardial cells and replication of SARS-CoV-2 were associated
with increased gene expression of the transmembrane protease serine 2
(TMPRSS2). TMPRSS2 is facilitating virus entry into the host cell as well
as being essential for virus spread and pathogenicity.41 This is the first re-
port of TMPRSS2 being differently regulated within cardiac tissue and
therefore potentially mediating virus infection of cardiac tissue.
Together, this might fuel therapeutic application of TMPRSS2 inhibitors
for COVID-19, as are being tested in a clinical trial (NCT04321096).
Obviously, further studies need to verify this finding, but intriguingly,
TMPRSS2 knock-out reduced the inflammatory response after experi-
mental SARS-CoV-2 infection.*? This is coherent to our data, showing
less inflammatory response in cases without cardiac SARS-CoV-2 infec-
tion. Contrarily, ACE2, as the main receptor for virus uptake, as well as
the proteases CTSL and CTSB, known to be involved in viral membrane
fusion*® and priming the Spike protein of the virus, were not dysregu-
lated. This suggests that susceptibility to the virus might not be corre-
lated to changes in gene expression of those targets. A previous study
showed that ACE2 is increased in cardiomyocytes of patients with HF or
aortic stenosis compared to healthy controls.® In our study, ACE2 is
not differentially regulated in the groups with or without cardiac infec-
tion, possibly justified by similar cardiac comorbidities in both groups. In
our study, 93% of cases suffered from two or more comorbidities which
is coherent with other autopsy studies.”>?®*** Interestingly, neither
cardiac nor other comorbidities were associated with cardiac infection
and signs of virus replication in the myocardium were not more frequent
in those with comorbidities. This is different in other organs, like the kid-
ney, where cases with organ manifestation in general were more likely to
have more comorbidities.>® Age might also be a predictor to fuel orga-
notropism of SARS-CoV-2, but all cases included here were of high age
making this difficult to assess. In general, autopsy studies need to be inter-
preted with caution in view of these associations, since survivors of the
disease are excluded, which makes this subgroup of COVID-19 patients
unique.

In 15% of deceased, relevant virus replication in the myocardium was
detected and associated with accelerated death suggesting that active
cardiac infection could be a contributor to death. Similarly, SARS-CoV-2
infection of kidney resulted in premature death as well® Future studies
have to reveal whether replication actively accelerates death or whether
more severe COVID-19 patients are prone for cardiac replication.

Although it is already known that cardiac involvement in COVID-19 is
associated with adverse outcome, the role of direct myocardial infection

is still unclear. It is therefore a clinically important and novel finding, that
myocardial SARS-CoV-2 infection is associated with pro-inflammatory
transcriptomic alterations. Our study provides new evidence on pro-
inflammatory changes in cardiac diseases that could complement the def-
inition of myocarditis in the future. However, the cause of susceptibility
for virus infection and replication needs to be elucidated in further
studies.

4.4 Limitation

This study has some limitations, including the design as an autopsy study.
Elderly age and frequently observed comorbidities of deceased might
have influenced the result of cardiac infections and replication.
Presumably, in non-autopsy studies, the incidence of virus infection will
be lower. Endomyocardial biopsies of patients with COVID-19 are rare
and especially no clinical routine so far. As an autopsy study, we have
only limited clinical information and no information is present about
myocardial biomarkers, which might be upregulated due to the SARS-
CoV-2 infection or to systemic inflammation due to COVID-19.
Unfortunately, post-mortem biochemistry of cardiac biomarkers in ca-
daveric serum is not useful even within the first 48h after death.*
Regarding the observed accelerated death in cases with cardiac virus
replication, it should be considered that the diagnosis of SARS-CoV-2
could be performed at different points in progression of the disease.
Consequently, time between diagnosis and death could be shorter in
cases with cardiac replication without causality. The presented transcrip-
tomic data provide a snapshot at the time of autopsy, whether DEGs are
the cause or a consequence of cardiac infection needs to be investigated
in the future. Due to the study design, no causality can be established be-
tween the transcriptomic alterations and the observed accelerated
death. Since all cases were tested positive for SARS-CoV-2 infection, we
cannot identify factors mediating an impaired cardiac function due to sys-
temic inflammation caused by COVID-19.

5. Conclusion

Taken together, SARS-CoV-2 induces transcriptomic alterations by
direct infection of the myocardium. While an increase of immune cell
infiltrates was not detected, pro-inflammatory response on transcrip-
tomic level was observed. Our findings provide further insights about
cell-specific consequences of cardiac infection. We suggest negative
paracrine effects on cardiomyocytes. They do not seem to be the main
target cell type for virus infection. In contrast, SARS-CoV-2-infected en-
dothelial cells were observed frequently. Moreover, a distinct cluster of
upregulated DEGs was detectable in endothelial cells as main origin.
Accordingly, we suggest that endothelial cells mainly respond to virus
infection in the cardiac tissue. Nevertheless, increasing pathophysiologi-
cal understanding might allow precise and targeted interventions to pre-
vent early and late subsequent virus-associated myocardial damage.
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Translational perspective

Cardiac injury can be documented in COVID-19, regardless the direct cardiac virus infection and is known to be associated with outcome.
However, the direct virus infection of the myocardium leads to transcriptomic alterations and might therefore additionally contribute to pathophys-
iological processes in COVID-19. Therefore, consequences of cardiac virus infection need to be investigated in future studies, since they might also

contribute to long-term effects in case of survival.
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